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SUMMARY 

A study is being made of the s e v e r e  t ime-dependent  edge-notch 

sensit ivity known to occur  a t  900" t 0 1300°F (482" - 704°C) f o r  

supera l loy  shee t  ma te r i a l s .  An investigation utilizing Waspaloy, t o  

a g r e a t  extent,  es tab l i shed  the scope and cause  of the  problem ( r e f .  1). 

Presently reported are results of experiments primarily directed 

at de te rmining  whether  the concepts developed a l so  apply t o  Inconel 718. 

Heat t r ea tmen t  var ia t ions  of 0.030 -inch (. 75mm) thick Inconel 

718 shee t  w e r e  used to  provide a range  of mechanica l  c h a r a c t e r i s t i c s  

and m i c r o s t r u c t u r a l  f ea tu re s .  Tensi le  and c reep - rup tu re  tests w e r e  

conducted at t e m p e r a t u r e s  f r o m  900" to  1400°F (482 -760°C). 

m i c r o s t r u c t u r a l  f e a t u r e s  w e r e  evaluated f o r  t he  as -heat  t r ea t ed  

m a t e r i a l  and f o r  t e s t ed  specimens.  

The  

Most impor tan t ,  the resul ts  showed that  the t ime  -dependent 

notch sensit ivity of Inconel 718 could be c o r r e l a t e d  t o  the s a m e  mech-  

an ica l  c h a r a c t e r i s t i c s  and s imi l a r  m i c r o s t r u c t u r a l  f ea tu re s  as evident 

f o r  Waspaloy. 

su l t s .  

This  would suggest even wider  applicability of the r e -  

N e c e s s a r y  conditions for t ime -dependent notch sensi t ivi ty  w e r e  

(i) the notched spec imen  loads had to be below the  approximate 0. 2 p e r -  

cent  smooth spec imen  offset yield s t rength ;  and (ii) t e s t  da ta  f r o m  

smooth spec imens  had to indicate that  small amounts  of c r e e p  used 

up l a rge  f rac t ions  of rup tu re  life. 

T ime  -dependent notch sensit ivity was observed  a t  t e s t  t e m p e r a -  

t u r e s  f r o m  900"  to  1200°F (482 -649°C).  

t e m p e r a t u r e  or i nc reas ing  the t ime a n d / o r  t e m p e r a t u r e  of the aging 

t r ea tmen t  d e c r e a s e d  the susceptibility to t ime  -dependent notch 

sensit ivity.  

Dec reas ing  the  solution 

Variat ions in  heat  t rea tment  and t e s t  conditions influenced the  

dis locat ion motion mechanism.  

s m a l l e r  than a "c r i t i ca l  size" were s h e a r e d  by dislocations.  

gave r i s e  to  local ized deformation and time -dependent notch sens i t ive  

behavior.  

N i  Cb( bct)  pa r t i c l e s  (and  gamma p r i m e )  3 
This  

L a r g e r  pa r t i c l e s  were by-passed  by the  d is loca t ions  and t h e  

ix 



deformation was homogeneous. Under these  conditions, no t i m e  - 

dependent notch sensit ivity was  observed.  
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INTRODUCTION 

The  r e s u l t s  p re sen ted  w e r e  der ived f r o m  a c u r r e n t  study being 

made  of the s e v e r e  t ime  -dependent edge -notch sensi t ivi ty  that  has  

been observed f o r  nickel-base superalloy shee t  materials a t  t e m p e r a -  

t u r e s  f r o m  900" to  1300°F (482 - 704°C). The r e s e a r c h  was  c a r r i e d  

out at The  Universi ty  of Michigan, Ann Arbor ,  Michigan, under 

sponsorship of the National Aeronautics and Space Administration. 

Extensive r e s e a r c h  ( ref .  1 ) .  es tabl ished the scope and the  c a u s e  

of the p rob lem f o r  Waspaloy. In  addition, heat t r e a t m e n t s  w e r e  

defined which el iminated the time -dependent notch sensit ivity.  

tinuing r e s e a r c h  is d i r ec t ed  a t  broadening the applicabili ty of the 

concepts developed f o r  Waspaloy. 

extended t o  include o the r  alloys.  

obtained for  Inconel 718, the composition of which d i f fe rs  considerably 

f r o m  that of Waspaloy. Of m a j o r  significance,  co lumbium is p r e s e n t  

in  Inconel 718 but not i n  Waspaloy. 

on phase relat ions and hence on the m i c r o s t r u c t u r e s  and mechanical  

behavior. 

Con- 

To achieve th i s ,  the study is being 

The r e s u l t s  r epor t ed  are those 

T h i s  e l emen t  has  a m a r k e d  influence 

A s  ?art o f  an evaluation of various suyeralloys i n  sheet 

form f o r  po ten t i a l  air frame skin applications Inconel 7 i 8  i n  three 

heat treated conditions w a s  shown t o  exh ib i t  time-dependent 

notch s e n s i t i v i t y  a t  1000° and 1200° F (538' and 649' C )  (ref.  2 ) .  

(Representat ive r e s u l t s  f r o m  this  investigation are included as F i g u r e s  

2 through 7). 

the scope of t hese  r e s u l t s .  

a wide r ange  of m i c r o s t r u c t u r a l  features .  These  w e r e  a l s o  expected to 

p r  oduc e cons ide r able  va r iati on in me c hani c a1 c h a r  a c  te  ri s t i c s . T e n s  i le  

and c r e e p - r u p t u r e  tests w e r e  c a r r i e d  out at t e m p e r a t u r e s  f r o m  900" to  

1200°F (482 - 649 " C )  where  seve re  t ime-dependent notch sensi t ivi ty  

c a n  occur .  Test ing was  a l s o  ca r r i ed  out a t  1400°F (760°C)  in  o r d e r  

t o  provide a contrast ing c a s e  where the notch sensi t ivi ty  has  not been 

ob s e r ved. The  micros t r u c  t u r d  features, p a r t i c u l a r l y  t h e  d is loca t ion  

motion mechan i sms  in  the t e s t ed  specimens,  w e r e  evaluated. 

The r e s e a r c h  presently r epor t ed  was  designed t o  extend 

Heat t r ea tmen t s  w e r e  se l ec t ed  to provide 

1 



EXPERIMENTAL DETAILS 

Mate rials 

The commerc ia l ly  produced Inconel 718 used in  the investigation 

had the following repor ted  composition (weight percent) :  

T i  - A1 - C r  - Si - S 

53.97 0.05 0. 12 16.50 0.007 0 .22  18.98 0 .52  1 .04  
- F e  - Mn - C - Ni - 

B - Cb - Mo - c o  

0. 05 3. 15 5.25 0.002 
- 

The ma te r i a l  was  rece ived  as 0. 030-inch (. 75mm) thick cold reduced 

sheet .  

to  heat t rea tment .  

Specimen blanks w e r e  cut  in the longitudinal d i rec t ion  p r io r  

Heat T rea tmen t  

The heat t r ea tmen t s  w e r e  designed to  produce a wide range  of 

mic ros t ruc tu ra l  fea tures .  

i so the rma l  t ransformat ion  d i a g r a m s  repor ted  fo r  the alloy (ref.  3). 

The heat t rea tments  w e r e  as follows: 

The select ion was  based p r i m a r i l y  on 

Solution Trea tmen t  

1. 10 hours at 1950°F  (1066°C) 
2. 1 hour at 1950°F (1066°C) 
3. 1 hour at 1950°F (1066°C)  
4. 1 hour at 1950°F (1066°C) 
5. 10 hours at 1800°F ( 982°C)  
6. 10 hours at 1700°F ( 927°C)  
7.  10 hours at 1700°F ( 927°C)  
8. 1 hour at 1 7 0 0 " F (  927°C)  
9 .  1 hour at 1 7 0 0 " F (  927°C)  

Aging T r e a t m e n t  

48 hour s  at 1350°F (732°C) 
48 hours  at 1350°F (732°C) 

2 hours  a t  1550°F (843°C) 
24 hours  at 1550°F (843°C) 
48 hour s  at 1350°F (732°C)  

3 hours  at 1325°F (718°C)  
48 hour s  at 1350°F (732°C) 

3 hours  at 1325°F (718°C)  
2 hours  at 1550°F (843°C) 

The blanks w e r e  solution t r ea t ed  individually in  a n  a rgon  a tmosphe re  

and then air cooled. To prevent  warping, the  blanks w e r e  aged while 

c lamped i n  a fixture in  batches of 10 o r  12. It should be noted that  

although the higher t e m p e r a t u r e  exposures  are  r e f e r r e d  throughout 

th i s  paper  as "solution t rea tments" ,  the use of th i s  designat ion does  

not necessar i ly  signify complete  solution of all consti tuent phases .  

2 



Test ing P rocedures  

The  testing procedures  used have been desc r ibed  i n  depth else- 

where  ( re f .  1). 

and sharp-edge (Kt>20) notched specimens (fig. 1). 

Af t e r  heat t reatment  blanks w e r e  machined into smooth  

The  tensi le  t e s t s  w e r e  conducted using a hydraulic tensi le  machine. 

Smooth spec imens  were  tes ted a t  a s t r a i n  ra te  of approximately 0. 01 

p e r  minute up to about 2 pe rcen t  deformation. 

then inc reased  to  about 0.05 p e r  minute until fa i lure .  

w e r e  loaded a t  a rate of 1000 ps i  per second (6.9 MN/m2 p e r  second).  

The  c reep - rup tu re  t e s t s  w e r e  conducted in  b e a m  loaded machines .  

T h e  rup tu re  t i m e s  were  r eco rded  automatically,  F o r  both tensi le  

and c reep - rup tu re  t e s t s ,  recommended p rac t i ces  (ASTM-E21, E139) 

w e r e  followed in  control  of t e s t  t empera tu res  and dis t r ibut ions.  The  

extensions w e r e  measu red  by a n  optical extension s y s t e m  which has 

a sensit ivity of five millionths of an inch (0 .  125 pm) .  

The s t r a i n  r a t e  w a s  

Notched spec imens  

Structural  Examination 

Conventional methods w e r e  employed for  m i c r o s t r u c t u r a l  examinak 

Samples  f o r  optical  microscopy and r ep l i ca  e l ec t ron  microscopy tion. 

w e r e  etched electrolyt ical ly  in  "G" etch,  an  etchant developed by Bigelow 

et  a1 (ref. 4). 

long (1 .  3 x 1 .8  c m )  for t r ansmiss ion  e l ec t ron  microscopy of the tes ted 

spec imens  were  cut f r o m  the gauge lengths,  ground on wet si l icon 

ca rb ide  papers  and electropolished. 

voltage of 20 volts in conjunction with a chilled mixture  of 83  pe rcen t  

methanol,  7. 5 percent  sulphuric acid,  3 percent  n i t r ic  acid,  4. 5 p e r -  

cent  lact ic  acid and 2 percent  hydrofluric acid.  

studied and photomicrographed i n  a J E M  e lec t ron  microscope  operated 

a t  100 KV. 

Samples  approximately 0.  5 inches wide by 0. 7 inches 

Th i s  was  c a r r i e d  out a t  an  applied 

The  thin films w e r e  

X-ray  diffraction analysis  of ex t r ac t ed  r e s idues  was  used to 

identify the phases  p re sen t  in the a s - h e a t  t r ea t ed  m a t e r i a l s .  

w e r e  obtained by preferent ia l ly  dissolving the m a t r i x  e lectroyt ical ly  in 

a solution of 10 percent  phosphoric acid in  water .  

The  r e s idues  

A platinum cathode 
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w a s  used at 3-4 volts potential. 

alcohol,  dr ied and formed into thin w i r e s  using a Duco Cement  

binder.  X-ray  exposures  w e r e  conducted in  a 144 .6mm d i a m e t e r  

Debye c a m e r a  using nickel-fi l tered copper  ra t ia t ion (40KV, 16mA) 

for  a period of four  hours .  

the "d" values calculated.  

pa r i son  with s tandard pat terns  available f r o m  the l i t e r a t u r e  and f r o m  

the files of the Joint Commit tee  on Powder  Diffraction Studies.  

The r e s idues  w e r e  washed with 

The line posit ions w e r e  m e a s u r e d  and 

The  r e s u l t s  w e r e  then analyzed by c o m -  
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INFLUENCE O F  HEAT TREATMENT ON THE MECHANICAL 

CHARACTERISTICS 

The  r e s u l t s  of tensi le  and c reep  rup tu re  t e s t s  are  p resen ted  i n  

The rupture  data are included as s t ress - rupture  Tables 1 through 10. 

t i ~ ~ e  C C T V P S  and as p a r a m e t e r  curves  i n  F i g u r e s  8 through 25. 

La r son-Mi l l e r  p a r a m e t e r  with C of 20 was  used s imply  because  i t  

was  a n  effective method of presenting the data.  

The  

The heat t r ea tmen t  variations r e su l t ed  in  a wide range of m e c h -  

anical  cha rac t e r i s t i c s .  In par t icular ,  the seve r i ty  of the t ime  -dependent 

notch sensit ivity var ied considerably with changes in both the solution 

and aging t r ea tmen t s .  The r e s u l t s  f o r  the m a t e r i a l  heat t r e a t e d  10 

hours  at 1930°F (1066°C) plus 48 hours a t  1350°F (732"C),  provide 

a n  example of. s e v e r e  t ime  -dependent notch sensi t ivi ty  ( table 2 ) .  

the s h o r t e r  t i m e s  a t  the lower t e s t  t e m p e r a t u r e s ,  the notched spec imen  

rup tu re  c u r v e s  w e r e  somewhat below those for  smooth  spec imens  (figs.  

8,  9) .  

same o r d e r  as determined by tensile tests (table 2 ) .  

per iods,  the notched spec imen rupture  cu rves  exhibited drastic i n c r e a s e s  

i n  s t eepness  so that  the N / S  rat io  dec reased  with t ime  to  values  con-  

s iderably below those obtained in  tensile tests, i. e.  the m a t e r i a l  ex- 

hibited t ime  -dependent notch sensitivity. 

upward b reaks  in the rup tu re  curve w e r e  evident. 

i n c r e a s e  in  the N/S  rat io  o r  a d e c r e a s e  i n  notch sensit ivity.  

s t r eng th  ra t io  inc reased  with increasing t e s t  t e m p e r a t u r e  and longer  

rup tu re  t i m e s ,  until,  at the highest t e m p e r a t u r e  a value of about 1 .  0 

was  obtained. 

A t  

The notched to  smooth  rupture s t rength r a t i o s  ( N / S )  w e r e  the 

A t  varying t i m e  

At intermediate  t e m p e r a t u r e s ,  

This  r e su l t ed  i n  a n  

The  rupture  

In con t r a s t  to  the above behavior, the r e su l t s  f o r  the m a t e r i a l  

heat  t r e a t e d  10 hours  a t  1700°F  (927°C) plus 48 hours  at 1350°F (732°C) 

a r e  typical of the heat t r ea t ed  conditions that w e r e  not suscept ible  to 

t ime-dependent notch sensit ivity (table 8, f i g s .  20, 2 1 ) .  The N/S 

r up tu re  s t rength ra t ios  were  generally higher than those obtained i n  

t ens i l e  tests. 

The  types of cha rac t e r i s t i c s  desc r ibed  above w e r e  evident f o r  the 



other  heat  t reated ma te r i a l s  ( f igs .  10 through 19 and 22 through 25). 

The sever i ty  of the time -dependent notch sensi t ivi ty  for  the heat  

treated conditions studied, including those  previously r epor t ed  ( r e f .  2), 

are tabulated below. 

time -dependent notch sensi t ivi ty  respect ively.  

which no t ime-dependent notch sensi t ivi ty  was  evident w e r e  ra ted  0. 

Ratings of 2 and 1 cor respond to  s e v e r e  and l imited 

T e s t  conditions for  

T e s t  T e m p e r a t u r e  
OF900 1000 1100 1200 1400 

Aging Trea tmen t s  'C482 538 593 649 760 ----- Solution Trea tment  
10 h. 1950"F(1066"C) + 48 h. 135OoF(732"C) 2 2 2 2 0 

1 h. 1950"F(1066"C) + 48 h. 1350°F(732"C) 2 2 2 2 0 
+ 2 h. 1550°F(843"C) 2 2 2 1 0 
+ 24 h. 1550°F(843"C) 0 0 ? 0 

10 h. 180OoF(982"C) i- 48 h. 1350°F(732"C) 2 2 1 ? 0 
10 h. 170OoF(927"C) + 3 h. 1325"F(718"C) 2 1 0 0 0 

+ 48 h. 1350°F(732"C) 0 0 0 0 0 
1 h. 1700°F(927"C) + 3 h. 1325"F(718"C) 2 2 ? 0 0 

+ 2 h. 1550°F(843"C) 0 0 0 0 

Cold Worked 20% + "Multiple" l':< 2 2 
1 h. 1950"F( 1066°C) + "Multiple" 2 2 2 
1 h. 1750°F(954"C) + "Multiple" 1 2 2 1 ? 

*::"Multiple" 1 - 1325"F(718"C)/8 h . ,  F. C. to  1150"F(621"C) in  10 h . ,  A .  C. 
"Multiple" 2 - 1350°F(732"C)/8 h . ,  F . C .  t o  1200°F(649"C) in  12 h . ,  A.C. 

The principal features  evident were as follows: 

(1) Decreasing the solution t e m p e r a t u r e  d e c r e a s e d  the 

susceptibil i ty to  t ime  -dependent notch sensit ivity.  

Increasing the sever i ty  of the aging t r ea tmen t  ( increas ing  

t ime a n d / o r  tempera ture)  reduced the suscept ibi l i ty  t o  

t ime -dependent notch sensit ivity.  

The m a t e r i a l s  with the commonly used  "multiple" aging 

t rea tments  exhibited t ime-dependent  notch sensit ivity.  

( 2 )  

( 3 )  

F o r  all heat t r ea t ed  conditions, the rupture  s t rengths  dec reased  

rapidly with increasing t ime and/ o r  t e m p e r a t u r e  fo r  p a r a m e t e r  values 

above about 37 ( f i g s .  9 ,  11, 13, 15, 17 ,  19, 21, 23, and 25). Extensive 

use is made  of Inconel 718 forl'high temperature'lapplications fo r  which 

the pa rame te r  values a r e  re la t ively low. Under these  conditions,  the 

smooth specimen rupture  s t rengths  a r e  high, however ,  s e v e r e  t i m e -  
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1 

dependent notch sensi t ivi ty  can occur.  

At low p a r a m e t e r  values,  the notched spec imen  rup tu re  

s t r eng ths  w e r e  below those f o r  smooth specimens.  

s t r eng ths  f o r  notched spec imens  varied considerably with heat 

t r z a t ~ e - t .  

exhibited t ime  -dependent notch sensitivity. 

similar notched rup tu re  strengths,  while those which were notch 

sensi t ive had considerably lower s t r eng ths  (fig. 26). It should a l s o  

be noted that' the commonly used "multiple" aging t r e a t m e n t s ,  evaluated 

previously (fig. 2 through 7), resul ted in lower notched rup tu re  s t rengths  

than obtained f o r  a number of the heat t r e a t m e n t s  used i n  the p re sen t  

investigation. 

not specifically designed to  maximize the notched rupture  s t r eng ths .  

The  rup tu re  

Pir t icnlar ly  important w a s  whether  o r  not the m a t e r i a l  

Those  which did not had 

This  occur red  even though the heat t r e a t m e n t s  used w e r e  

The  heat t r ea tmen t s  studied did not r e s u l t  in  a v e r y  wide range 

of smooth  spec imen  tensi le  and c reep - rup tu re  s t rengths  (table 1 

through 10) .  

solution and aging t r ea tmen t s  c a n  b e s t  be s e e n  f r o m  compar i son  

of the p a r a m e t e r  cu rves ,  such a r e  p re sen ted  as F i g u r e s  27, 28 and 29. 

Rupture ductility has often been used t o  indicate the susceptibil i ty 

Differences i n  rupture s t rength  from var ia t ions  i n  

of a material t o  notch sensit ivity.  Resul ts  r epor t ed  for  Waspaloy 

( re f .  1) indicated t h a t  no such ie la t ionship  w a s  general ly  applic- 

able. 

and reduction of a r e a  values  at rupture f o r  Inconel 718 (tables 2 through 

10). For both alloys,  the r e su l t s  indicated t h a t  f ac to r s  which contribute 

t o  duc t i l i t y ,  r a the r  than the  d u c t i l i t y  per se, control  t he  time-dependent 

notch sensit ivity.  

time c h a r a c t e r i s t i c s  ( r epor t ed  i n  a l a t e r  sect ion f o r  Inconel 718). 

The  s a m e  conclusion was  drawn f r o m  analysis  of the elongation 

This  was  evident f r o m  analysis  of t he  deformation-  
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FRACTURE CHARACTERISTICS 

The f rac ture  cha rac t e r i s t i c s  of Inconel 718 were  similar t o  those  

Consequently, this  a spec t  is not r e -  

Both smooth and notched rupture  tes ted  spec imens  

es tab l i shed  f o r  Waspaloy ( re f .  1). 

ported i n  depth. 

failed by initiation and re la t ive ly  slow growth of i n t e rg ranu la r  c r a c k s  

(fig. 30) followed by t r ansg ranu la r  f r ac tu re .  The in t e rg ranu la r  p a r t  of 

the f r a c t u r e  w a s  perpendicular  to  the loading ax is  and was d a r k  in  color  

f r o m  oxidation. The r ema inde r  of the f r a c t u r e  was not apprec iab ly  d i s -  

colored by oxidation and was a typical shea r  fa i lure  s lanted through the 

th ickness .  

on the load bearing a r e a ,  due to  growth of the in t e rg ranu la r  c r ack ,  e x -  

ceeded that  necessa ry  to  cause  rapid shea r .  

of the in t e rg ranu la r  c r a c k s  ( expres sed  as a percentage of spec imen width 

in  t ab le s  2 through 10) i nc reased  with dec reas ing  t e s t  s t r e s s  and thus 

with increas ing  t e s t  t ime.  

Th i s  l a t te r  f r a c t u r e  o c c u r r e d  when the i n c r e a s e  i n  s t r e s s  

In consequence, the  lengths 

The c reep  deformation that  o c c u r r e d  in the smooth spec imens  was  

re la t ive ly  uniform throughout the gauge section. 

t ion i n  the notched spec imens  was localized. 

s e v e r e  deformation)  formed at the base  of the notches.  

i n t e rg ranu la r  c r a c k s  initiated in  these  reg ions  (fig. 30). The d imples  r e -  

m a i n e d a t  the head of the c r a c k s  as  they p r o g r e s s e d  a c r o s s  the spec imens .  

In te rgranular  c r a c k s  w e r e  found i n  notched but not smooth spec imen 

In con t r a s t ,  the de fo rma-  

Initially d imples  ( a r e a s  of 

Subsequently,  

t e s t s  discontinued before  rupture .  

growth r a t e  studies r epor t ed  fo r  Waspaloy (ref. 1). 

vis ible  c r a c k s  f o r m e d  in  notched spec imens  a f t e r  about 60  percent  of the 

rup tu re  life. 

t ion in  smooth spec imens  ( g r e a t e r  than 95%).  

that  the occurrence  of t ime-dependent  notch sensi t ivi ty  is due t o  m o r e  

rap id  initiation of i n t e rg ranu la r  c r a c k s  in notched than  in smooth  spec imens .  

This  was  shown t o  be re la ted  t o  the re laxa t ion  by c r e e p  of s t r e s s  concen-  

t r a t ions  introduced by the p re sence  of t he  edge-notches.  

Th i s  i s  i n  ag reemen t  with the  c r a c k  

These  showed that  

The l ife f rac t ion  was s m a l l e r  than r equ i r ed  for  c r a c k  ini t ia-  

The r e s u l t s  a l s o  showed 
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STRESS RELAXAT ION 

Relaxation of s t r e s s  concentrations can  occur  by "yielding" on 

loading ( t i m e  -independent deformation) and by subsequent c r e e p  ( t i m e  - 
dependent d e f ~ r m a t i o n ) .  

the approximate 0. 2 percent  offset yield s t r eng ths  (es tabl ished by 

smooth  spec imens  t e s t s )  no t ime-dependent notch sensit ivity was  

observed (f igs  8 through 25). This o c c u r r e d  s ince "yielding" on 

loading reduced the s t r e s s e s  a c r o s s  the spec imens  a t  the base  of the 

notches t o  approximately the nominal s t r e s s e s .  

F o r  notched spec imen  t e s t s  loaded above 

F o r  Waspaloy, time-dependent notch sensitivity occurred in 

notched spec imens  loaded below the i r  yield strength, when tests of 

smooth specimens showed that sma l l  amounts of c r e e p  consumed 

l a r g e  fract ions of c r eep - rup tu re  life ( r e f .  1).  

the c r e e p  deformation necessary to  relax s t r e s s  concentrations 

caused excessive damage  resulting i n  p r e m a t u r e  init iation of i n t e r  - 
granu la r  c r a c k s .  

of Inconel 718 w e r e  examined to de t e rmine  whether a similar 

In other  words,  when 

The  smooth  specimen deformation c h a r a c t e r i s t i c s  

8 

. 

cor re l a t ion  existed.  

for  each  t empera tu re  on plots of life fract ion v e r s u s  t e s t  s t r e s s  

( f igs .  31 through 39). These  curves w e r e  der ived f o r  0. 1 and 0. 2 

percent  c r e e p  deformation ( t h e  o r d e r  of deformation n e c e s s a r y  to  

e n s u r e  relaxat ion of e las t ic  s t r e s s e s  f r o m  the approximate yield 

s t r e s s  to  the nominal s t r e s s e s . )  T h e  inclusion of c u r v e s  for  0. 5, 1, 

and 2 percent  c r e e p  s t r a i n  aided establ ishment  of the nature  of the 

cu rves  f o r  lower s t ra in .  

I so -c reep  s t r a i n  c u r v e s  w e r e  constructed 

Again, a co r re l a t ion  was  evident between the t ime  -dependent 

notch sensi t ive behavior and the c h a r a c t e r i s t i c s  of the i s o - c r e e p  

s t r a i n  cu rves .  F o r  the mater ia l  solution t r ea t ed  10 hours  a t  1950°F  

(1066°C) plus 48 hours  a t  1350°F (732"C),  the life f ract ions for  small 

amounts of c r e e p  s t r a i n  a t  1000°F (538°C) inc reased  d ras t i ca l ly  as 

the tes t  s t r e s s  d e c r e a s e d  ( f i g .  31). 

no rma l  s t r e s s e s  below about 110 ksi (758MN/m2), the relaxation of the 

F o r  notched t e s t s  loaded to 
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s t r e s s e s  ( f r o m  the approximate yield s t r e s s  to  the nominal) would 

consume considerable  i f  not all of the c r e e p - r u p t u r e  life of the 

material at  the base  of the notch. 

( f igs .  8, 9 ) ,  t ime  -dependent notch sensit ivity behavior would be 

expected. 

the t e s t  s t r e s s  d e c r e a s e d ,  the life f r ac t ions  f o r  0. 1 and 0. 2 pe rcen t  

s t r a i n  increased to  re la t ively high levels  and then subsequently d e -  

c r e a s e d .  These  r e su l t s  a r e  consis tent  with the obse rved  i n c r e a s e  

followed by a d e c r e a s e  i n  t ime-dependent notch sensit ivity.  At . 

1400°F (760°C) the l ife f ract ions w e r e  a t  re la t ively low l eve l s  and 

no t i m e  -dependent notch sensi t ivi ty  occur red .  

Thus,  as obse rved  experimental ly  

A t  1200°F (649°C)  {and presumably  1100°F (593°C) )  as 

The  r e su l t s  f o r  the materials heat t r e a t e d  10 hour s  a t  1700°F 

(927°C) plus 48 hours  a t  1350°F (732°C) a r e  in c o n t r a s t  to those 

p re sen ted  above, ( f ig .  37). The life f r ac t ions  f o r  small amounts of 

c r e e p  s t ra in  r ema ined  at low levels  for  all t e s t  conditions. 

accordance with th i s ,  no t ime-dependent notch sensi t ivi ty  was  ob-  

s e r v e d  ( f i g s .  20, 21). 

In 

Analysis of the da t a  for  the o the r  heat t r e a t e d  m a t e r i a l s  showed 

similar correlat ions between the na tu re  of the is0 - c r e e p  s t r a i n  

c u r v e s  ( f i g s .  32 through 39) and the t ime-dependent notch sensi t ive 

behavior ( f igs .  10 through 25). 
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MICROSTRUCTURAL FEATURES CONTRIBUTING TO 

TIME-DEPENDENT NOTCH SENSITIVITY 

Many nickel-base superalloys (including Waspaloy) age 

harden by precipitation of a n  LI 

r i l led  g a m m a  prime.  

o c c u r s  p r i m a r i l y  due t o  precipitation of Ni Cb(ref.  5). This  

phase,  designated y", has a DO - o r d e r e d  bct  s t r u c t u r e .  The  
22 

y" phase is metastable  so that  it is r ep laced  on t h e r m a l  exposure 

by the p phase.  This  phase is also Ni Cb, but it has  a Cu T i  - 

o r  d e r  e d or thorhombic s t ruc tu re .  

- o r d e r e d  fcc phase,  Ni (Al,  Ti) ,  
2 3 

Inconel 718 d i f fe rs  i n  tha t  age  hardening 

3 

3 3 

In the study of Waspaloy (ref .  l ) ,  a c o r r e l a t i o n  w a s  establ ished 

between the dislocation motion mechan i sm operat ive and the time - 
dependent notch sensit ivity.  

smaller than a c r i t i c a l  size. 

w e r e  by-passed by dislocations.  

moted the deformation-character is t ics  that  gave rise t o  the time - 
dependent notch sensit ivity.  

Inconel 718 w e r e  studied to determine whether a similar c o r r e l a -  

t ion occur red .  

Dislocations s h e a r e d  y' par t i c l e s  

Pa r t i c l e s  l a r g e r  than the c r i t i c a l  

The  f o r m e r  mechan i sm p r o -  

The m i c r o s t r u c t u r a l  f e a t u r e s  of 

Init ially optical  metallography, r ep l i ca  and t r a n s m i s s i o n  

e l ec t ron  mic roscopy  and X- ray  diffraction s tudies  w e r e  c a r r i e d  

out for  the as -heat treated ma te r i a l s .  Subsequently, smooth  

specimens which had been c reep - rup tu re  t e s t ed  w e r e  examined 

by t r ansmiss ion  election microscopy. 

were  se l ec t ed  f r o m  heat t r ea tmen t s  exhibiting a range of time- 

dependent notch sensi t ive behavior. 

The  spec imens  studied 

0 riginal Mic ros t ruc tu res  

Typical optical  and electron mic rographs  are  presented i n  

F igu res  40, 41 and 42. 

X-ray  diffraction studies (Table ll), w e r e  used t o  c h a r a c t e r i z e  

the ,mic ros t ruc tu ra l  f ea tu re s  in  the as -heat t r e a t e d  materials. 

These  together with the r e s u l t s  of the 

Increasing the time of solution t r ea tmen t  at 1950°F (1066OC) 



f r o m  1 to 10 hours r e su l t ed  i n  a considerable  i n c r e a s e  i n  g ra in  s ize .  

T h i s  r e f l e c t s  the absence of r e s t r a i n t  o r  g ra in  growth associated with 

la rge  amounts o f  p rec ip i t a t e  pa r t i c l e s .  T i ( C , N )  i s  t he  on ly  p rec ip i t a t e  

expected to be p re sen t  at 1950°F (1066°C). 

a r e  the l a rge  pa r t i c l e s  evident in  the optical  mic rographs  f o r  the 

m a t e r i a l  aged 48 hours  at 1350°F  (732°C) after solution t r e a t m e n t  

a t  1950°F (1066°C) (figs.  40a, b). X-ray  diffraction of ex t r ac t ed  

r e s idues  indicated the p re sence  of Cb, T i (C ,  N),  y' and/or:< y'l 

i n  t hese  ma te r i a l s  (Tab le  XI). 

r e a d i l y  resolvable by e lec t ron  microscope r ep l i ca  techniques 

(fig. 41 a, b). In thin films, (fig. 42  a), the ca rb ide  pa r t i c l e s  

observed were  p r i m a r i l y  p re sen t  as "plate -like" g r a i n  boundary 

precipitates while the y1 and/ o r  y" were  in t r ag ranu la r  precipi ta tes  

about 300 8, i n  diameter. 

by an  electron diffraction technique ( r e f .  6). 

[I 00) diffraction pa t t e rn  (fig. 43). 

the f o r m  1-1/2-0 a r e  allowed f o r  the bct y" phase but not for  the 

fcc  yl.  

the heat t reated material contained yl'. 

i n fe r r ed  f r o m  subsequently r e p o r t e d  metal lographic  observat ions 

f o r  ma te r i a l s  at higher t e m p e r a t u r e s .  

where  the y' a n d  the y" could not be distinguished visibly,  the 

precipitate will be r e f e r r e d  t o  as y' /y".  ) 

Presumab ly ,  t hese  

These  l a t t e r  phases  w e r e  not 

The  p resence  of yl' was demons t r a t ed  

The method u s e s  a 

Superlat t ice  ref lect ions of 

Thus, the o c c u r r e n c e  of th i s  ref lect ion demons t r a t ed  that 

The p r e s e n c e  of y' was  

( In  cases such  as this, 

F o r  t h e  m a t e r i a l s  solution t r e a t e d  a t  1 9 5 0 ° F  (1066°C) and 

aged 2 and 24 hours at 1550°F (843"C),  the p re sence  of yl and yll 

gave the optical mic rographs  a mottled appea rance  (fig.  40 c ,  d) .  

The par t ic les  were  large enough to be resolvable  using r ep l i ca  

techniques (fig. 41 c, d). The  yl w a s  p resen t  as sphe r i ca l  pa r t i c l e s  

*The yl and y" phases  are difficult to  dis t inguish using X -  

r a y  diffraction. The  "d" values  are similar. Differences do 

occur  in  the superlatt ice ref lect ions but t hese  are not r ead i ly  r e -  

solvable ( ref .  5). 
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* 

with a relat ively low volume fraction. 

pa r t i c l e s  was  about 450A and 11 00 A f o r  the 2 and 24 hour treat- 

ments  respect ively.  

w e r e  plates of y" (precipi ta tes  coherent ly  with the c-axis n o r m a l  

to  the plane nf the plates and i lnng any of the t h r e e  

direct ions - ref. 5). T h e  approximate ave rage  thickness  and length 

of the plates w e r e  respect ively 200A and 1000 A for  the 2 hour 

t r ea tmen t  and 500 A and 4000 .k for  the 24 hour t r ea tmen t .  

T h e  ave rage  s i z e  of t he  
0 0 

The majori ty  of the precipi ta te  pa r t i c l e s  

< I  1 O> fcc 

X-ray  diffraction indicated the p re sence  of small amounts 

of p phase f o r  the m a t e r i a l s  aged at 1550°F (843°C) a f t e r  solution 

t r ea tmen t  at 1950°F (1066°C) (Table 11). 

phase w a s  evident as needles,  predominately alongside g r a i n  

boundaries (figs.  40 d, 41 d). 

boundaries and p precipi ta te  par t ic les  w e r e  depleted of y" (fig. 

41 d). 

In m i c r o g r a p h s ,  this  

The  a r e a s  adjacent  to  g ra in  

The  ma jo r i ty  of the precipitate p re sen t  i n  the optical  m i c r o -  

graphs of the m a t e r i a l  heat t reated 10 hour s  at 1800°F (982°C) 

plus 48 hours  a t  1350°F  (732°C) was  p phase (fig. 40 f) .  

phase fo rmed  during the 1800°F (982°C) solution t r e a t m e n t  (fig. 

40 e). 

tained Cb, T i (C ,  N), y' and /o r  y". 

T h i s  

X- ray  diffraction showed that the aged m a t e r i a l  a l s o  con- 

All  of the m a t e r i a l s  solution t r e a t e d  a t  1700°F  (927°C) and 

aged contained Cb, Ti(C,  N), y'/y'I and the p phase (Table 11). 

Ni Cb needles precipi ta ted during the 1700°F (927°C) t r e a t m e n t s  

(fig. 40 g, j ) .  

the 10 hour exposure than the 1 hour t r ea tmen t .  

1325°F (718°C) o r  48 hour s  at 1350°F (732°C) after solution t r e a t -  

ment  at 1700°F (927°C) resulted in  y ' /y ' '  too small to  be resolved 

using r ep l i ca  techniques (figs.  41 f ,  g) .  In thin films (figs.  42 b), 

resolut ion was  a l s o  difficult because the y ' /y ' '  pa r t i c l e s  w e r e  only 

about 60 A and 200 

1350°F (732°C) t r e a t m e n t s ,  respectively.  These  pa r t i c l e  s i z e s  

are  s m a l l e r  than those produced by similar aging t r e a t m e n t s  

3 
A much l a r g e r  amount of p phase w a s  p re sen t  a f t e r  

Aging 3 hours at 

in diameter  f o r  the 1325°F (718°C) and 
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a f t e r  solution t r ea tmen t  a t  1950°F (1066°C).  

f o r  the 2 hour at  1550°F  (843°C)  aging t r e a t m e n t  (fig. 41 c, h).  

Th i s  a l s o  o c c u r r e d  

Mic ros t ruc tu res  of Tes t ed  Spec imens  

Examination of t e s t ed  spec imens  by t r a n s m i s s i o n  e l ec t ron  

microscopy was  c a r r i e d  out p r i m a r i l y  to d e t e r m i n e  the dislocation 

s t r u c t u r e s  present .  

heat t r ea tmen t s  and t e s t  conditions. 

men t s  were  expected to be r ep resen ta t ive  of all of the heat t r e a t -  

men t s  used in  the study. 

( 1 )  

The observat ions w e r e  made  f o r  selected 

The  dislocation a r r a n g e  - 

Material  heat t r e a t e d  1 hour a t  1950°F  (1066°C) plus 48 hour s  

a t  1350°F (732°C):  

F o r  the spec imen  tes ted a t  1100°F (593°C) {at 120 k s i  (827MN/m2) 

ruptured in 1 . 4  h o u r s )  the m o s t  obvious f ea tu re  was  the 1111) planar  

s l ip  banding (fig. 44). 

precipi ta tes  by dislocations ( r e f s .  5,  7). Similar dislocation 

s t r u c t u r e s  would be expected to  occur  in other  spec imens  t e s t ed  

a t  t empera tu res  low enough so t h a t  l i t t le o r  no growth o r  y ' / y "  

o c c u r s .  

This  r e f l ec t s  shea r ing  of the y ' / y ' '  coherent  

It was  evident f r o m  m i c r o s t r u c t u r e s  of the spec imen  t e s t ed  

at 1400°F  (760°C) {at 30 k s i  (207MN/m2)  rup tu red  i n  384 h o u r s )  that  

s t r u c t u r a l  changes had o c c u r r e d  during the t e s t  exposure.  NijCb 

needles  precipitated (fig. 45, 46) and the y' pa r t i c l e s  i n c r e a s e d  in  

s i z e  t o  about 750 A. 

solvable as plates approximately 500 A thick and 4000 i long. 

effects  associated with coherency ( ref .  8 )  w e r e  obse rved  f o r  both 

y' and y" precipitate pa r t i c l e s  (fig. 45 b,  c).  

of l a r g e  precipi ta tes  the deformation was  homogeneous (fig.  46). 

Dislocations w e r e  obse rved  entangled with the  y" pa r t i c l e s  and i n  

some  c a s e s  forming loops around the y'. 

i n  the e a r l y  p a r t  of the t e s t  when the p a r t i c l e s  w e r e  small, the 

dis locat ions shea red  the pa r t i c l e s ,  i. e. the m i c r o s t r u c t u r e  would 

have been s imi l a r  to F i g u r e  44. 

The y" a l s o  g r e w  SO that  i t  was  c l e a r l y  re -  

Con t ra s t  

Because  of the p re sence  

It m u s t  be a s s u m e d  that  
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The above observat ions a re  analogous t o  those r epor t ed  f o r  

aspaloy (ref. 1). In this  ca se ,  dislocations s h e a r e d  yl par t i c l e s  

na l l e r  than a c r i t i c a l  s ize .  When the pa r t i c l e s  w e r e  l a r g e r  than 

e c r i t i ca l ,  they w e r e  by-passed by dislocations.  T h e s e  mechan-  

ms resul ted in  localized and homogeneous deformation respectively.  

) Material  heat  t r e a t e d  1 hour at  1950°F (1066°C) plus 2 hours  at 

1550°F (843°C) 

The  deformation that  occu r red  for  the spec imen  t e s t ed  at 1100°F 
2 

93°C) {at  100 ksi (690 M N / m  ) ruptured i n  385 hours} was  localized 

s l ip  bands (fig. 47a). Presumably,  dis locat ions s h e a r e d  the yl 

i r t i c l e s  (about 450 A in  d i ame te r )  and a l s o  the y" (200 

I00 A long). The  previously descr ibed r e s u l t s  would indicate that 

rowth of the precipi ta tes  during higher t empera tu re  tests would 

%use the deformation to become homogeneous. 

thick and 

One additional feature  was  evident f r o m  the study of the spec imen  

:sted at 1100°F (593°C). 

ibout 70 A in  d i ame te r )  was  detected (fig. 47 b). 

j y t / y t t  that  fo rmed  subsequent to the 1550°F (843°C) aging t r ea tmen t  

nd developed during the t e s t  exposure. 

3 )  

In a number of mic rographs ,  a fine precipi ta te  

P resumab ly ,  this  

Ma te r i a l  heat  t r e a t e d  1 hour at 1950°F (1066°C) plus 24 hours at 

1550°F (843°C) 

The  y t / y t t  in  the aged ma te r i a l  was  l a r g e r  than "crit ical" s ize .  

k e n  i n  a low t e m p e r a t u r e  test specimen{at 1000°F (538°C) and 115 ksi 

793 MN/m ), ruptured i n  1857 hours} the dislocations w e r e  homogeneously 

i s t r ibu ted  (fig. 48). 

2 

A d i spe r s ion  of y ' / y t t  (about 100 A in d i a m e t e r )  was  observed i n  
2 

ne spec imen t e s t ed  a t  1100°F (593°C) {at  100 k s i  (690 MN/m ) ruptured 

n 3528 hours}. 

na t e r i a l  aged 2 hours  at 1550°F (843°C). 

4 )  

This  feature  was  s i m i l a r  to  that desc r ibed  for  the 

Mater ia l  heat  t r ea t ed  1 hour at  1700°F (927°C) plus 3 hours  a t  

1325°F (718°C) 

The  deformation in  the specimen t e s t ed  a t  1 0 0 0 ° F  (538°C) {at 130 

In 
2 

:si (896 MN/m ) ruptured in  5613 hours } w a s  localized (fig.  49 a). 
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I the majori ty  of c a s e s ,  the dis locat ions in pile -ups w e r e  dissociated 

to f o r m  stacking fault r ibbons.  

expected because,  in  the p re sence  of y", i t  r e q u i r e s  coplanar  motion 

of multiple dislocations.  

the s a m e  plane to r e s t o r e  o r d e r  for  all t h r e e  or ientat ions of y'l ( r e f .  7). 

(I t  should be noted that the p re sence  of yl' was  confirmed by e l ec t ron  

diffraction. ) 

T h i s  type of deformation w a s  not 

F o u r  whole dislocations m u s t  move along 

Growth of y l / y "  o c c u r r e d  during exposure of the spec imen  
2 

t e s t ed  a t  1200°F (649°C) 

hours}. 

(fig.  49b). The m i c r o s t r u c t u r e s  indicated that the dis locat ions bowed 

between the yl /y l l  par t i c l e s  (about 250 A in  d i a m e t e r ) ,  leaving pinched 

off dislocation loops,  i. e .  the dislocations by-passed r a t h e r  than 

shea red  the par t ic les .  

volume fraction of precipi ta te .  

the investigation, l e s s  yl '  was probably p r e s e n t  f o r  m a t e r i a l s  

aged af te r  solution t r ea tmen t  a t  1700°F  (927°C)  than for  those 

t r e a t e d  a t  higher t e m p e r a t u r e s ,  i. e .  1950°F  (1066°C).  Th i s  could 

be expected because precipitation of Ni3Cb needles  during the 

1700°F (927°C) t r ea tmen t  mus t  reduce the amount of Cb in  solid 

solution available to f o r m  y" during aging. Thus ,  the volume fract ion 

of the yl /y I1 precipitate was  reduced,  which should lower the "cr i t ical"  

s i z e  ( r e f .  9 ) .  

( 5 )  

{at  65 ksi (448 MN/m ) ruptured i n  937 

A s  a r e s u l t ,  the dis locat ions w e r e  homogeneously dis t r ibuted 

0 

I 

This  was  probably due to differences in the 

Although not de t e rmined  as p a r t  of 

F u r t h e r  r e s e a r c h  is n e c e s s a r y  to c l a r i fy  these  effects.  

Mater ia l  heat t r ea t ed  10 hour s  a t  1700°F (927°C) plus 3 hours  

a t  1325°F (718°C). 

Limited study of a spec imen tes ted at 1000°F  (538°C)  { a t  130 
L k s i  (896 MN/m ) ruptured in  391 hours} did not r e v e a l  any inconsis tencies  

f r o m  the resul ts  descr ibed above f o r  the material solut ion-treated 

1 hour at 1700°F (927°C) and aged a t  1325°F  (718°C).  
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(6) Material  heat t r ea t ed  10 hours at 1700°F (927°C) plus 48 hour s  

a t  1350°F (732°C) 

F o r  the spec imen  t e s t ed  at 1000°F (538°C) { a t  120 k s i  (827 M N / m  ) 
2 

Th i s  ruptured in  1382 hours} the deformation was  homogeneous (fig. 50). 

r e s u l t  demonstrated that the y' /y l '  produced by the aging t r ea tmen t  (about 

200 A in  d i a m e t e r )  was  l a r g e r  than the "cr i t ical"  s ize .  
0 

. 

. 

Correlat ion of the T ime  -Dependent Notch Sensit ivity 

with Microstructural  F e a t u r e s  

The r e su l t s  indicate that a correlat ion e x i s t s  between the p r e -  

dominant dislocation mechan i sm and the t ime  -dependent notch sensitiv2ty. 

The  relat ionship was  the s a m e  as evident f o r  Waspaloy (ref.  1). 

ing the precipi ta te  pa r t i c l e s  by dislocations,  r e su l t ed  in g r e a t e r  suscep t i -  

bil i ty to t ime -dependent notch sensit ivity than when they w e r e  by-passed. 

F o r  the m a t e r i a l s  heat t r ea t ed  1 hour a t  1950°F (1066°C) plus 48 hours  

at 1350°F (732"C),  1 hour at 1950°F (1066°C) plus 2 hours  a t  1550°F 

(843"C),  1 hour at 1700°F (927°C) plus 3 hour s  at 1325°F (718"C),  

and 10 hours  a t  1700°F  (927°C) plus 3 hour s  a t  1325°F (718"C),  t ime  

dependent notch sensi t ivi ty  was  observed a t  the lower t e s t  t empera tu res .  

During these tests, the y ' /y ' '  par t ic les  w e r e  s h e a r e d  by dislocations 

and the deformation was  localized. 

t e s t s ,  growth of the y" and y' precipi ta tes  occur red .  

i n  a change of dislocation motion to "by-passing" so  that a homogeneous 

dis t r ibut ion of dislocations resulted.  This  c o r r e l a t e s  with the e l imina -  

t ion of t ime-dependent notch sensit ivity by inc reas ing  the t e s t  t e m p e r a -  

t u r e .  

S h e a r -  

During the higher t e m p e r a t u r e  

This  resul ted 

F o r  the m a t e r i a l s  heat t reated 1 hour at 1950°F (1066°C) plus 

24 hours  at 1550°F(843"C) and 10 hours at 1700°F (927°C)  plus 48 hour s  

a t  1350°F (732"C),  the dislocations w e r e  homogeneously dis t r ibuted 

and no t ime  -dependent notch sensit ivity was  observed.  

T h e r e  w a s  no evidence t o  indicate t h a t  t he  other heat t r ea t ed  

m a t e r i a l s ,  f o r  which tes ted specimens w e r e  not studied, would not 

follow the above correlat ion.  
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It is of i n t e r e s t  t o  compare  the behavior of m a t e r i a l s  with a 

given aging t r ea tmen t ,  e. g. 48 bour s  at 1350°F (732°C).  T h e  t i m e -  

dependent notch sensi t ivi ty  was  s e v e r e  f o r  the m a t e r i a l  solution 

t r e a t e d  a t  1950°F (1066°C).  

to  1800°F  (982°C) d e c r e a s e d  the notch sensi t ivi ty ,  unti l  for  the 

1 7 0 0 ° F  (927°C) t r ea tmen t ,  none was  observed.  T h i s  is consis tent  

with the metallographic observat ion that the "cr i t ical"  s i z e  d e c r e a s e d  

with dec reas ing  solution t e m p e r a t u r e .  

th i s  probably occured ,  because lowering the solution t e m p e r a t u r e  

reduced the volume f r ac t ion  of y t / y t t .  

the time dependent notch sensi t ivi ty  of the material heat t r e a t e d  

1 hour  a t  1700°F (927°C) plus 3 hour s  a t  1325°F (718°C) w a s  m o r e  

s e v e r e ,  o r  o c c u r r e d  a t  higher t e s t  t e m p e r a t u r e s  than f o r  t he  

material heat t r e a t e d  10 hour s  a t  1700°F (927°C)  plus 3 hour s  a t  

1325°F  (718°C). 

Dec reas ing  the solution t e m p e r a t u r e  

As suggested previously,  

T h i s  would a l s o  explain why 

F a i l u r e  of both smooth  and notched c r e e p - r u p t u r e  spec imens  

o c c u r r e d  by relat ively slow in t e rg ranu la r  c r a c k  init iation and 

growth, followed by t r a n s g r a n u l a r  f r a c t u r e .  Consequently,  f a c t o r s  

which affect the i n t e r g r a n u l a r  c r a c k  init iation influence the rup tu re  

t i m e s  and hence t h e  t ime  -dependent notch sens i t i ve  behavior.  

Intergranular  crack init iation m u s t  be dependent on ( a )  the na tu re  

of i n t r ag ranu la r  deformation and ( b )  the me ta l lu rg ica l  c h a r a c t e r i s t i c s  

of the g ra in  boundaries.  T h e  influence of va r i a t ions  i n  the g r a i n  

boundary c h a r a c t e r i s t i c s  on the t ime  -dependent notch sensi t ivi ty  

w a s  not evident f r o m  the r e s u l t s .  Nor  was  a relat ionship evident 

f r o m  the study of Waspaloy (ref.  1). In both cases, a c o r r e l a t i o n  

w a s  evident between the dislocation m e c h a n i s m  and the time -dependent 

notch sensit ive behavior.  T h i s  would suggest  that  the influence of the 

y" a n d / o r  y' precipi ta tes  on the notch sensi t ivi ty  overshadows effects  

f r o m  variat ions i n  g r a i n  boundary c h a r a c t e r i s t i c s .  

H a r d n e s s  Tes t ing  

Increasing the pa r t i c l e  s i z e  of y1 a n d l o r  y" i n c r e a s e s  the c r i t i c a l  

r e so lved  shear  s t r e s s  (CRSS) f o r  dis locat ions motion until  the pa r t i c l e  
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dimensions exceed a c r i t i c a l  s ize ,  after which, f u r t h e r  i n c r e a s e  i n  

s i z e  d e c r e a s e s  the CRSS. 

s h e a r e d  by the dislocations,  while l a r g e r  pa r t i c l e s  are by-passed. 

Hardness  values  w e r e  obtained for a range of heat t r e a t e d  m a t e r i a l s ,  

including those used i n  the tes t  program, t o  de t e rmine  whether these 

values ,  by reflecting the CRSS, could be used to monitor  the y ' /y ' '  s i z e  

re la t ive to the cr i t ical .  

Pa r t i c l e s  below the c r i t i c a l  s i z e  are 

The  r e su l t s  ( f ig51  ) showed the following: 

The  ha rdness  values  for the material heat t r e a t e d  1 hour at 

1950°F (1066°C) plus 24 hours  a t  1550°F (843°C) indicated 

that the y ' /y"  par t i c l e s  w e r e  l a r g e r  than the c r i t i c a l  s i z e  

(fig. 51a). Correspondingly,  no t ime  -dependent notch 

sensi t ivi ty  was  observed. 

F r o m  resu l t s  for  aging a t  1325°F  (718°F)  and 1400°F (760°C) 

ha rdness  values w e r e  est imated for  aging at 1350°F  (732°C).  

These indicated that  aging 3 hours  a t  1350°F (732°C) a f t e r  

solution t r ea tmen t  1 o r  10 hours  at 1700°F (927°C) resul ted 

i n  y ' / y t t  par t i c l e s  s m a l l e r  than the c r i t i c a l  s i z e  (fig. 51 b, e). 

In accordance with this ,  t hese  m a t e r i a l s  exhibited t i m e  - 
dependent notch sensitivity . 
F o r  many heat t r ea t ed  ma te r i a l s ,  the ha rdness  values  

indicated that the y ' / y "  s i z e s  w e r e  nea r  the c r i t i ca l .  

t hese  c a s e s ,  i t  would not be possible to  guarantee c o r r e c t  

prediction of the t ime  -dependent notch sensi t ive behavior. 

Certainly,  f o r  none of the heat t r ea tmen t s  evaluated was  t h e r e  

a c a s e  for  which the hardness  t e s t  r e su l t s  c l e a r l y  indicated 

the inco r rec t  notch sensit ive behavior. 

The  aging t ime  a t  which the max imum in h a r d n e s s  o c c u r r e d  

at each  t empera tu re  dec reased  as the solution t e m p e r a t u r e  

dec reased .  

in "cr i t ica l  size".  

The  r e s u l t s  a l s o  indicate that solution t r e a t e d  m a t e r i a l  

aged 8 hour s  a t  1325°F ( 7 1 8 ° C )  F. C. to  1 1 5 0 ° F  

In 

T h i s  corresponds to  the observed d e c r e a s e  



(621°C) in  10 hours  A . C .  could be expected to  be suscept ib le  

to  t ime -dependent notch sensi t ivi ty ,  

with previously published t e s t  r e s u l t s  ( r e f .  2). 

This  is in ag reemen t  

Thus ,  the r e s u l t s  indicate that ha rdness  testing is a useful  method 

for  determining the  likelihood of whether  heat  t r ea tmen t s  will  be 

suscept ible  to t ime  -dependent notch sens i t ive  behavior.  

20 



SUMMARY O F  RESULTS 

A study w a s  made  of the time -dependent edge-notch sensi t ivi ty  

of 0.030 inch (. 75mm) Inconel 718 sheet .  

l ed  t o  the following: 

Consideration of the r e s u l t s  

Time-dependent notch sensitivity was  obse rved  at t e m p e r a t u r e s  

f r o m  900 " to 1200°F  (482 - 649°C).  No r easons  w e r e  evident 

why similar behavior could not be expected at prolonged ti- s 

at lower t e m p e r a t u r e s .  

r a t io s  fe l l  to  as low as 0. 37. At 1400°F (760°C) ra t ios  of 

about 1. 0 w e r e  obtained, i. e. no notch sensi t ivi ty  was  

observed.  

Both smooth  and notched c reep - rup tu re  spec imens  failed by 

relat ively slow intergranular  c r a c k  init iation and growth 

followed by t r ansg ranu la r  f r ac tu re .  T i m e  -dependent notch 

sensit ivity was  due t o  p rema tu re  init iation of i n t e rg ranu la r  

c r a c k s .  

resul t ing f r o m  relaxation of the high s t r e s s e s  introduced by 

the p re sence  of the edge-notches. 

Notched t o  smooth  rup tu re  s t r eng th  

This  was  caused by local ized c r e e p  deformation 

Necessa ry  conditions for time -dependent notch sensi t ivi ty  

w e r e  (i) the notched specimen loads had to be below the approx-  

ima te  0. 2 percent  smooth  spec imen offset  yield s t rength;  and 

(ii) t e s t  data  f r o m  smooth specimens had to  indicate that small 

amounts of c r e e p  used up large f r ac t ions  of creep-rupture  

life. 

Waspaloy (ref. 1) .  

The s e v e r i t y  of the time-dependent notch sensi t ivi ty  was  d e -  

pendent on the heat treatment.  

t u r e  o r  increasing time and/or  temper a t u r e  of the aging t r e a t -  

ment  d e c r e a s e d  the susceptibil i ty to  the t ime  -dependent notch 

sensit ivity.  

f o r  m a t e r i a l s  heat t r ea t ed  10 hour s  a t  1700°F (927°C) plus 48 

hours  a t  1350°F (732°C)  and 1 hour a t  1700°F (927°C) plus 2 

hours  a t  1590°F (843°C). 

These  observat ions a r e  identical  to  those r epor t ed  f o r  

Decreasing the solution t e m p e r a -  

No time-dependent notch sensi t ivi ty  was  observed 

21 
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It should be noted tha t  the commonly used aging t r ea tmen t s :  

1350°F (732"C)/8 hours ,  F. C. to  1200°F (649°C) i n  12 hour s ,  A. C. 

{a f t e r  solution t r e a t m e n t  a t  1950°F (1066°C))  and 1325°F (718"C)/  

8 hours,  F . C .  to 1150°F (621°C) i n  10 hour s ,  A. C. {af ter  solution 

t r ea tmen t  a t  1750°F (954°C))  resul ted i n  notch sensi t ive behavior.  

The  dislocation motion m e c h a n i s m  varied with heat t r e a t m e n t  

and tes t  conditions. Dislocations s h e a r e d  the bct  N i  Cb 

par t ic les  (and gamma p r i m e )  s m a l l e r  than a "cr i t ica l  size".  

L a r g e r  par t ic les  w e r e  by-passed by dislocations.  

rise to  localized and homogeneous deformation respect ively.  

Localized deformation i n c r e a s e d  the suscept ibi l i ty  t o  notch 

sensitivity. In consequence, a co r re l a t ion  exis ted between the 

occur rence  of t ime-dependent notch sensi t ivi ty  and the nature  of 

the dislocation motion m e c h a n i s m  operat ive.  

( 4 )  

3 

T h e s e  gave 

Results indicated that r o o m  t e m p e r a t u r e  h a r d n e s s  tests 

can  be used to  indicate pa r t i c l e  s i z e  r e l a t ive  to the "crit ical".  

Similar  re la t ions w e r e  evident f r o m  the study of Waspaloy 

which differs i n  that  it a g e  hardens solely due t o  g a m m a  p r ime ,  

Ni3(Ti. A l )  (ref.  1). 

is present ,  the principal strengthening phase is bct Ni Cb. 

F o r  Inconel 718, although g a m m a  p r i m e  

3 
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.. 

(a )  7 5x 

(b) 75x 

F i g u r e  30. Opt ica l  photomicrographs  of notched s p e c i m e n s  of Inconel  
718 pol ished to  r e m o v e  the  oxidized s u r f a c e  l a y e r s .  M i c r o -  
cracks i n  (a )  are a n  e a r l y  stage of e r a c k  in i t ia t ion  (hea t  
t r e a t e d  10 hour s  at 1800°F  (982°C) plus  48 hour s  a t  1 3 5 0 ° F  
(732"C) ,  t e s t ed  a t  1100°F (593°C)  a t  60ks i  (414MN/m2) ,  
discont inued a f t e r  12 ,867  hours ) .  
ness"  c r a c k  in ( b )  i s  a la te  s tage of c r a c k  growth  ( h e a t  
t r e a t e d  10 hour s  a t  1 7 0 0 ° F  (927°C)  plus  48  hour s  a t  1350°F  
(732"C) ,  t e s t ed  at IOOO"F( 538°C) a t  75ksi(517MN/m2),  d i s -  
continued after 7656 hours). 

T h e  "through the th i ck -  
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( a )  10 h r s .  a t  1 9 5 0 ° F  (1066°C)  ( b )  1 h r .  at 1950°F  (1066°C)  
p lus  48 h r s .  a t  135OoF(732"C) plus 48 h r s .  a t  1350°F  (732°C)  

( C )  1 h r .  a t  1950°F  (1066°C)  ( d )  1 h r .  at 1950°F  (1066°C)  
plus 2 h r s .  a t  1550°F  (843°C)  p lus  24 h r s .  at 155OoF(843"C) 

Optical  photomicrographs of Inconel  718 s h e e t  showing d i f f e rences  
in m i c r o s t r u c t u r e  induced by  va r i a t ions  in  heat  t r e a t m e n t .  ( 2 5 0 ~ )  

F i g u r e  40.  
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( e )  10 h r s .  at 1800°F  (982°C)  ( f )  10 h r s .  a t  1 8 0 0 ° F  (982°C)  
plus 48 h r s .  a t  1350°F  (732°C)  

( g )  10 h r s . a t  1700°F  (927°C)  

F i g u r e  40. (Continued) (250x) 

( h )  10 h r s .  at 1 7 0 0 ° F  (927°C")  
p lus  3 h r s .  at 1325°F  ( 7 1 8 ° C )  

75 



( i )  10 hrs. at 1700°F (927°C)  ( J )  1 h r .  at 1700°F  (927°C)  
plus 48  h r s .  at 1350°F (732°C)  

(k) 1 hr .  at 1 7 0 0 ° F ( 9 2 7 " C )  (1) 1 h r .  at 1700°F  (927°C)  
plus  3 h r s .  at 1325°F (718  " C )  plus  2 h r s .  at 1550°F  (843°C)  

F i g u r e  40. (Cont inued)  (250x)  

76 



( a )  10 h r s .  a t  1950°F  (1066°C)  (b)  1 h r .  at 1950°F  (1066°C)  
plus  48 h r s .  at 1350°F  (732°C)  plus  48 h r s .  a t  1350°F  (732°C) 

( c )  1 h r .  a t  1950°F (1066°C) ( d )  1 h r .  a t  1950°F  (1066°C)  
plus 2 h r s .  a t  1550°F  (843°C) plus  24 h r s .  a t  1550°F (843°C)  

F i g u r e  4 1. Replica e l ec t ron  micrographs  of Inconel 718 shee t  in the  a s - h e a t  
t r ea t ed  conditions showing va r i a t ions  in  m i c r o s t r u c t u r a l  f ea tu re s .  
(6000X) 
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( e )  10 hrs .  at 1800°F  (982°C)  
plus  48 h r s .  at 1350°F (732°C)  

t g )  1 h r .  a t  1700°F  (927°C)  
plus  3 hrs .  at 1325°F (718°C)  

(f) 10 h r s .  at 1700°F  (927 'C)  
plus  48  h r s .  at 1350°F (732°C)  

( h )  1 h r .  at 1 3 2 5 " F ( 7 1 8 " C )  
p lus  2 h r s .  at 1550°F  (843°C)  

F i g u r e  41. (Cont inued)  (6000X) 
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1 h r .  at 1950"F(1066"C) plus  85,  OOOx 
48 h r s .  at 1350°F (732°C)  

(b) 1 h r .  at 1700°F (927°C)  plus 30, OOOx 
3 h r s .  a t  1325°F (718°C)  

F i g u r e  42. T r a n s m i s s i o n  e lec t ron  m i c r o g r a p h s  of Inconel 718 i n  
two hea t  t r ea t ed  conditions showing y' / y" s i z e  dis t r ibu t ions .  
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0 0 

F i g u r e  43.  Thin  foi l  d i f f rac t ion  pa t te rn .  [loo] m a t r i x  
zone. 
with t h r e e  or ien ta t ions .  

The  supe r l a t t i ce  spo t s  arise f r o m  yll 

80 



50, O O O x  

F i g u r e  44. Thin-foi l  e l ec t ron  mic rograph  of Inconel  718, hea t  
t r e a t e d  
(732°C)  and c reep - rup tu re  t e s t ed  a t  120ksi (827MN/m2)  
a t  1100°F  (593°C)  ( rup tu red  i n  1. 4 hours  a t  4. 270 elongat ion) .  
Bands a r e  evident that r e su l t ed  f r o m  local ized deformat ion .  

1 hour at 1950"F(1066"C) plus 48 hours  a t  1350'F 
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250x 

( c )  40, OOOx 

F i g u r e  45. Optical  and t r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  of Inconel  718 heat  t r e a t e d  
1 hour a t  1950"F( 1066°C)  plus  48 h o u r s  a t  1350°F (732°C) and c r e e p  r u p t u r e  
tes ted  a t  30ksi(207MN/rnZ) a t  140O"F(76O0C) ( r u p t u r e d  in  384 h o u r s  at 2. 1% 
elongation). 
i nc reased  in s i z e  cons iderably .  
y' and y'l a r e  ev ident  in  ( b )  and ( c ) .  

During the t e s t  e x p o s u r e  N i j C b  prec ip i ta ted  and the  y' and yll 
C o n t r a s t  e f f e c t s  a s s o c i a t e d  wi th  cohe ren t  
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( a )  45, ooox 

( b )  40, OOOx 

F i g u r e  46. Thin-foi l  e l ec t ron  mic rographs  of Inconel  718 heat  treated 
1 hour  a t  1950"F(1066"C) p l u s  48 hour s  a t  135OoF(732"C) and 
c r e e p - r u p t u r e  t e s t ed  at 30ksi(  2 0 7 M N / r n 2 )  a t  1400"F( 760°C).  
The  deformat ion  i s  homogeneous,  
entangled with the y" prec ip i ta te  and bowing between y' par t i c l e s  
leaving "pinched off" dis locat ion loops. 

Dislocat ion c a n  be obse rved  
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( a )  60,  OOOx 

( b )  75, ooox 

F i g u r e  47. T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  of Inconel  718 hea t  
t r e a t e d  1 hour  a t  1950°F (1066°C)  plus  2 h o u r s  a t  1 5 5 0 ° F  

(843"C)and t e s t ed  a t  l o o k  si(69OMN/mL) at l l O O e  F I  59 3' C\ - I  \ - ,  - ~~. - , -  

( r u p t u r e d  in 385 h o u r s ) .  T h e  de fo rma t ion  in ( a )  is loca l ized .  
In ( b )  a f ine d i s p e r s i o n  of y ' / y "  is evident  which p resumab ly  
developed dur ing  the t e s t  e x p o s u r e .  
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I .  

(b) 30, O O O x  

( a )  60, OOOx 

F i g u r e  48. Thin-foil  e l ec t ron  m i c r o g r a p h s  of Inconel 718 hea t  t r e a t e d  
1 hour a t  1950°F  (1066°C)  plus 24 hours  a t  1 5 5 0 ° F  (843°C)  
and  tes ted  a t  115ksi(793MN/rnL) a t  1 0 0 0 ° F  (538°C)  ( r u p t u r e  
i n  1857 hours  a t  10. 2% elongation).  
homogeneous . 

The de fo rma t ion  is 

as 



a 

20, ooox (a )  

(b) 100, ooox 
F i g u r e  49. T r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h  of Inconel 718 hea t  t r e a t e d  

1 hour a t  170OoF(927"C) plus  3 hour s  at 1325"F(718"C)  and 
c r e e p  rup tu re  t e s t e d - ( a )  a t  1000"F( 538°C) a t  130ks i (896MN/m2j  
( r u p t u r e d  in  5613 hour s  a t  3. 570 elongat ion) ,  (b) a t  1 2 0 0 ° F  
(649°C)  a t  65ks i (448MN/m2)  ( r u p t u r e d  in  937  h o u r s  a t  3. 7% 
elongation).  In the lower  t e m p e r a t u r e  t e s t  d i s loca t ions ,  extended 
to f o r m  stacking faul t  r ibbons ,  s h e a r e d  the  y ' /y"  prec ip i t a t e s .  
During the higher  t e m p e r a t u r e  t e s t  exposure  y't'/y" growth 
occur red .  In consequence ,  t he  deformat ion  w a s  homogeneous 
and the d is loca t ions  by -passed  the  p rec ip i t a t e  p a r t i c l e s .  
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70, OOOx 

F i g u r e  50. Thin foi l  e l e c t r o n  mic rograph  of Inconel 718 hea t  
t r ea t ed  10 hour s  at 1700°F  (927°C)  plus 48 hour s  a t  
1350°F  (732°C)  and c r e e p - r u p t u r e  - t e s t ed  a t  1000°F 
(538°C)  a t  120ksi ( 8 2 7 M N / m L )  ( r u p t u r e d  in 1382 hour s  
a t  5. 6 %  elongation).  T h e  deformat ion  is homogeneous 
T h e  d is loca t ions  can be obse rved  bowing between p r e -  
c ip i ta te  pa r t i c l e s  leaving "pinched off'' d i s loca t ion  
loops.  
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